We study fluctuations of a U (1) gauge field on the worldvolume of N f probe D7-branes in the background of N c black D3-branes with a finite baryon density. The choice of mode corresponds to vector mesons in the dual gauge theory whose mass and lifetime can be determined by a study of the quasinormal modes. The speed of propagation of these holographic mesons at large momenta is studied from the dispersion relations of the quasinormal modes of the system.
Introduction and results
The AdS/CFT correspondence [1] provides a simple method to study strongly coupled gauge theories describing systems like the quark-gluon plasma formed at RHIC. Even in the absence of a concrete dual model describing all phenomena observed in QCD, holographic techniques can be used to study general features of systems with a large number of adjoint degrees of freedom.
An example of such a setup is that of the background geometry sourced by N c D3-branes (dual to N = 4 SYM theory) in which N f ≪ N c probe D7-branes (describing quenched fundamental N = 2 hypermultiplets) are embedded [2] . A thermalized plasma is modelled by the presence of a black-hole in the background AdS 5 geometry. Finite baryon density, n B , can be included in the model by turning on the temporal component of the abelian center of the U (N f ) gauge group present in the worldvolume of the probe branes.
In the presence of baryon density the probe branes end on the black hole horizon [3] . This leads to finite lifetimes for the quarkonium bound states. The normal modes found in the absence of baryon density are unstabilized by its presence and can be described by a spectrum of quasinormal modes (QNMs) [4] .
In [5] , the low momentum dispersion relation was studied by following the positions of the peaks in the spectral function caused by the QNMs. However, this method is not accurate for larger momentum due to numerical instabilities. Transforming the equation of motion for the QNMs into a Schrödinger form, the potential, V (q), was studied. A similar study was carried out in [6] . A typical profile of this potential is found in figure 1 .
In figure 1 an infinite barrier at the UV boundary (R * = 0) is observed. In the case of stable mesons (full line) there is also an infinite barrier at the tip of the embedded probe brane, thus giving rise to a discrete spectrum (stable mesons). In [7] it was observed that these mesons propagate, at large momenta, at the local speed of light at the tip of the probe brane.
When a finite baryon density is turned on, the IR barrier has a finite height (dashed line), and the range of the equation continues to the black hole horizon (R * = −∞). At low momentum, q, and frequency, ω, one can observe quasiparticles in the spectral function, given by quasi-stable particles that tunnel the finite bar- rier, leaking into the black hole. These are dual to relatively long-lived quasiparticles. If the frequency is raised far above the height of the barrier the particles lose their stability and become short-lived. When the momentum is increased the height of the barrier is lowered and a plateau at V ∝ q 2 is formed. The exact momentum at which the barrier disappears defines a critical value, q crit , which has been studied in detail in [5] . In this paper it was claimed that for q ≫ q crit the group velocity of the mesonic excitations should approach the speed of light in the UV. In order to have such asymptotics the dispersion relation would need to change above q crit .
With an improvement in the numerical methods we are able to study the large momentum regime, and find no signal of a change in behaviour of the group velocity as suggested in [5] for q ≫ q crit , see figure 2 .
Using a large-q approximation we show analytically, from the Schrödinger potential, that the group velocity for long-lived mesons (those with a large quark mass in the presence of a low baryon density) should be given approximately by the result in [7] , i.e., the local speed of light of the same-m q Minkowski embedding (and thus for n B = 0) at the tip of the brane.
Setup
We consider the background geometry sourced by a stack of N c black D3-branes
s , T is the Hawking temperature, f = 1 − ρ −4 ,f = 1 + ρ −4 and E 6 the 6-dimensional euclidean space with isotropic radius ρ.
The N f ≪ N c probe D7-branes wrap an S 3 ⊂ S 5 of the background geometry. We describe the D7-brane embedding by fixing one of the remaining angles φ = 0 and expressing the other by a ρ-dependent function θ = cos −1 χ(ρ).
The action is given by
with T 7 the probe-brane tension, P the pull-back to the D7 worldvolume, G the 10-dimensional metric and F the field strength derived from the background gauge field A = A t (ρ) dt. The equation of motion for A t can be solved in terms of a constant 1 n B . Holographically, this constant corresponds to a baryon density, sourced by a chemical potential µ = A t (ρ bou ). The equation of motion for χ(ρ) is solved numerically, and its asymptotic expression in the UV gives the quark mass and condensate.
The transverse vector mesons studied in this letter are given by the linearized fluctuation of the gauge field, A → A + δA(t, x 3 , ρ)dx 1 . See [3, 5, 6] for details on this construction.
Analysis
The pullback metric in the DBI action (2) has the same holographic 4-dimensional manifold as (1), with the worldvolume coordinates given by
where dΩ 2 3 is the metric of a unit 3-sphere. Holography states that one can study the dual gauge theory by evaluating the on-shell action in the UV (ρ → ∞). An important point to note is that the metric (3) and the action (2) are invariant under ρ → ρ −1 . This coordinate system covers the holographic space twice and does not describe the interior of the black-hole. This means that we can chose the range 0 ≤ ρ ≤ 1 for our studies.
The choice of this domain greatly stabilizes the numerics as compared with the same calculation in the 1 ≤ ρ ≤ ∞ domain. For large frequency and momentum, the standard checks of the numerical solution are satisfied. These include recovering the supersymmetric spectral function at large frequency [8, 9] , an exponential decrease with frequency in the height of the peaks appearing in the spectral function [8] , and the conservation of the Noether charge coming from the U (1) symmetry in the bilinear action for the fluctuation [10] .
To perform the numerical integration we chose the ingoing-wave boundary condition at the horizon. We then follow the poles of the retarded correlator by studying the values of the complex frequency, ω n , at which Dirichlet conditions in the UV (ρ → 0) are satisfied [11] . The limiting group velocity is defined from this complex frequency as Figure 2 shows the results for Re[ω 1 /(πT )] as a function of q/(πT ) for cases I, II and III in table (3.19) of reference [5] .
To understand why the limiting velocity does not approach the speed of light we express the equation of motion for the fluctuation in the 
Schrödinger form [5]
where R * is a tortoise coordinate with the UV at R * = 0 and the horizon at R * = −∞. The potential is split into two pieces V = V 0 + V 1 q 2 , where 0 ≤ V 1 ≤ 1 (see [5] for the expressions of the functions). In the large momentum limit the piece proportional to q 2 is dominant everywhere but close to the UV, where V 0 diverges as (expressed in ρ coordinates) V 0 ∼ 3 32ρ 2 . In the large momentum limit, for large m q and low baryon density n B , the potential takes the form given by the dashed line in figure 1 , without a barrier. The height of the potential can be approximated by V 1 (ρ ef f ) q 2 , with ρ ef f an effective radius giving the mean value of the height of the almost-flat plateau one can observe. Notice that V 1 (ρ ef f ) < 1.
We can find an analytic result using a step function model with an infinite barrier at the origin. This was done for a different setup in [12] , from where we borrow the result
This gives precisely the dispersion relation found for Minkowski embeddings in [7] . In that case the potential to take into consideration is the Ushaped one in figure 1 , which is approximated by a box of height V 1 (ρ ef f ) q 2 . In the large q limit the solution coincides with (6) and ρ ef f is identified with the position of the tip of the probe brane. In [12] it was shown that an exponential tail on the left of the step or small bumps (such as those appearing for a momentum q ∼ < q crit ) do not affect this result, since these details enter at higher order q −n in the large-q limit.
When we consider vector mesons with short lifetimes (relatively low m q and/or large n B ) the approximation taken for the Schrödinger potential is not valid, and we expect the asymptotic group velocity to vary from the result in (6) . In these cases the Schrödinger potential presents a ledge in the UV region, followed by a monotically decreasing potential given by an approximate constant gradient. At a given value of R * there is a kink and the value of the gradient changes dramatically, becoming approximately an exponential decay (see figure 20(b) in [5] for an example of the potential described above).
Numerically it is observed that the value of V 1 (R * ) at the kink coincides with c 2 g as obtained from the dispersion relation. This kink can be traced back to the qualitative change in behaviour of the embedding profile χ(ρ) (see figure 3 of [5] ). With this result at hand, a study of the exact value ρ ef f (m q , n B ) at which the effective velocity V 1 (ρ ef f ) has to be evaluated to obtain the asymptotic group velocity is encouraged. However, that calculation is beyond the scope of this letter.
In this note we have given both numerical and analytical evidence to suggest that asymptotic velocities of quasinormal modes in the presence of baryon density do not necessarily approach the speed of light.
